We identify a quasi-two-dimensional (quasi-2D) phonon mode in the layered-perovskite Ca 3 Ti 2 O 7 , which exhibits an acoustic branch with quadratic dispersion. Using first-principles methods, we show this mode exhibits atomic displacements perpendicular to the layered ½CaTiO 3 2 blocks comprising the structure and a negative Grüneisen parameter. Owing to these quasi-2D structural and dynamical features, we find that the mode can be utilized to realize unusual membrane effects, including a tunable negative thermal expansion (NTE) and a rare pressure-independent thermal softening of the bulk modulus. Detailed microscopic analysis shows that the NTE relies on strong intralayer Ti-O covalent bonding and weaker interlayer interactions, which is in contrast to conventional NTE mechanisms for perovskites, such as rigid-unit modes, structural transitions, and electronic or magnetic ordering. The general application of the quasi-2D lattice dynamics opens exciting avenues for the control of lattice dynamical and thermodynamic responses of other complex layered compounds through rational chemical substitution, as we show in A 3 Zr 2 O 7 (A ¼ Ca, Sr), and by heterostructuring.
The thermal expansion of materials has been intensively studied for decades owing to its importance in numerous fields [1] . In miniaturized electronic and optical devices, the accumulated thermal stress (strain) from fabrication and during operation may cause component spalling, large resistance variability, and shifts in photoluminescence [2] . Ferroelectric logic and memory devices based on perovskite oxides have been fabricated [3] , and thermal expansion of such thin films may be a critical factor determining their future viability in low-power information processing and storage technologies [4] . The perovskitestructured A 3 B 2 O 7 (A ¼ Ca, Sr; B ¼ Ti; Mn; …) Ruddlesden-Popper (RP) oxides with a layered habit have recently drawn interest owing to their intriguing hybrid improper ferroelectricity, magnetoelectric and magnetoelastic responses [5] , and their unusual thermal expansion [6, 7] , which requires a detailed understanding before the material family can be integrated into future devices. Some amount of negative thermal expansion (NTE) may be beneficial for scaffolding different materials into multicomponent architectures because NTE tends to cancel the usual deleterious positive expansion and helps reduce thermal strain; the latter is well exemplified by the famous Invar alloys [8] . In the RP oxides exhibiting relatively high point symmetries (e.g., the high-temperature nonpolar phase of Ca 3 Mn 2 O 7 ; see Ref. [6] ), the rigid (quasirigid) unit modes [9] are active, resulting in observable NTE. Although structural, magnetic, and orbital-order transitions can also induce NTE in perovskite-derived compounds, e.g., BaTiO 3 [10] , PbTiO 3 [11] , BiNiO 3 [12] , and Ca nþ1 Ru n O 3nþ1 [13, 14] , all of these NTE-causing factors are absent in the layered RP Ca 3 Ti 2 O 7 : (1) The rigid-unit modes are locked [6, 9] due to the low orthorhombic symmetry of the crystal, i.e., Cmc2 1 [15] , (2) there is no temperature-dependent structural transition up to 1150 K [6] , at which point the crystal decomposes, and (3) it is nonmagnetic and lacks an orbital-order transition owing to the empty 3d 0 configuration of the Ti 4þ cation.
In this Letter, we propose and computationally demonstrate a quasi-two-dimensional (quasi-2D) mechanism for NTE in layered RP oxides, utilizing our recently implemented self-consistent quasiharmonic approximation (SC QHA) method to treat the lattice anharmonicity within a density functional theory (DFT) framework. In the prototypical layered ferroelectric Ca 3 Ti 2 O 7 (CTO), we discover a quasi-2D vibrational mode in the polar phase by discerning an acoustic branch with a quadratic dispersion, which appears in the intensely studied 2D materials, e.g., graphene and MoS 2 [16, 17] . The quasi-2D vibration resembles the bending vibration on a 2D membrane; we show that this feature results in various extraordinary membrane effects in CTO, including negative mode Grüneisen parameters (γ − ) and the enlargement of γ − by hydrostatic pressure. The membrane effect originally predicted by Lifshitz [18] over 60 years ago endows CTO with tunable NTE, which can be considerably amplified by modest pressures (< 30 GPa here) and also results in an unusual pressure-independent thermal softening of the bulk modulus. We show the mechanism is general and active in other RP oxides, A 3 Zr 2 O 7 (A ¼ Ca, Sr), with the NTE being tuned by the strength of the metal-oxygen bonds.
We calculate the temperature-and pressure-dependent isothermal volume V T ðP; TÞ of CTO using our SC QHA method [19] and DFT calculations with the Vienna ab initio simulation package (VASP) [20] . In the SC QHA method, an analytical nonlinear frequency-volume relationship is used to solve for V T ðP; TÞ in an efficient iterative manner; it requires fewer phonon calculations than the conventional QHA method. Furthermore, the SC QHA method avoids the problem of spurious imaginary modes appearing in some expanded volumes of Ca 3 Ti 2 O 7 , which prohibits the application of the conventional QHA method [19] . Additional details of the DFT calculations are given in Ref. [21] and structural information is provided in Ref. [25] . To facilitate the microscopic analysis of the anharmonic mechanisms, we express the thermalexpansion coefficient (α) as
where q and σ enumerate the phonon wave vector and branch, respectively, N q is the number of q-grid points (8 × 8 × 1 used here), B T is the isothermal bulk modulus, C V is the isovolume heat capacity, and γ ¼ −ðV=νÞðdν=dVÞ is the mode Grüneisen parameter for the frequency ν [19] . B T consists of both electronic (B e ) and phononic (B ν ) contributions, i.e., B T ¼
where E e and F ν are the electronic energy and phononic free energy, respectively. Ca 3 Ti 2 O 7 has a layered orthorhombic structure ( Fig. 1 , right panel), whereby the perovskite bilayers [ðCaTiO 3 Þ 2 ] are separated by the rock salt [CaO] layers along the c axis. The calculated phonon dispersions, atom-, and directionresolved phonon density of states (g ν ) are shown in Fig. 1 . First, we note that the Ti cations are strongly covalently bonded with the O anions, whereas Ca, which provides charge balance and stability to the structure, weakly hybridizes with the TiO 6 octahedra. Thus, g ν ðCaÞ mainly occupies the low-frequency region (<13 THz), while g ν ðTiÞ has a broader distribution up to 18 THz despite Ti being heavier than Ca. Furthermore, the g ν ðTiÞ and g ν ðOÞ spectra simultaneously present peaks at various frequencies, indicating a strong vibrational Ti-O coupling through the covalent Ti-O-Ti bond network.
Next, in the direction-resolved g ν , we separate the contributions of the vibrations along the c axis (hereafter, Z vibrations) from those in the ab plane (XY vibrations). The 3D character of the lattice dynamics for Ca 3 Ti 2 O 7 are observed in the wide-range ðXYÀZÞ-vibrational coupling; i.e., g ν ðXYÞ and g ν ðZÞ have various common peaks owing to the the finite layer thickness and interlayer interactions, as well as to the layer rumpling caused by the octahedral rotation and tilting that yield the hybrid improper ferroelectricity [5] . Apart from this apparent 3D character, we discern a hidden 2D character in the phonon dispersions ( Fig. 1 , left panel): The lowest acoustic branch along the ΓÀX path (i.e., [ξ; 0; 0] path, ξ ∈ ½0; 1 2 ) exhibits a quadratic dispersion. Similar quadratic acoustic modes are ubiquitous in 2D materials [16, 17] , which have an important phonon mode with largely Z character that is referred to as the ZA mode. The ZA mode in such 2D materials resembles a bending vibration on a continuum membrane or guitar string, and tensile strain can stiffen this bending vibration [9, 16] , resulting in a negative Grüneisen parameter (γ − ) of the ZA mode that is responsible for the NTE reported in 2D materials. The existence of γ − and NTE are ascribed to membrane effects [16] (or guitar-string effects [9] ). In the following, we reveal various extraordinary membrane effects in CTO, including γ − and NTE, that originate from the quasi-2D vibrations therein.
We now examine the mode Grüneisen dispersions for CTO [ Fig. 2(a) ], with a special focus on the ν and γ dispersions of the lowest eight phonon branches in Figs. 2(b) and 2(c), respectively, where the variation of the line width indicates the relative Z-vibration contribution to the mode. The atomic displacements in the quadratic ZA mode and a shearing optical mode (SO mode described later) along the ΓÀX path are illustrated in Figs. 2(d) and 2(e), respectively. In contrast to the ZA mode in 2D materials, which have large negative γ (i.e., γ − ) at the Γ point [16, 17] , the quasi-2D ZA mode in CTO exhibits a large positive γ (γ þ ) at the Γ point, and a γ þ → γ − transition only occurs when approaching the X point [Figs. 2(a) and 2(c)]. Such positive sign and large value of γ þ at the Γ point both originate from the softness (low ν) of the quadratic ZA mode: Indeed, first there is a stretching of the weak interlayer bonds induced by the ZA mode, and it has been found that bond stretching has a positive contribution to γ [9, 17] , which becomes important when the ZA mode is soft enough and results in a positive γ despite a quasi-2D quadratic phonon mode dispersion being retained. Second, a soft mode always has a high sensitivity to an external perturbation, e.g., volume compression Along the ΓÀX path, νðZAÞ increases and approaches other acoustic and optical modes at higher frequencies [ Fig. 2(b) ], which allows for hybridization of the ZA mode with those others of different character. This vibrational mode mixing transfers the quasi-2D Z displacements from the ZA mode to the other modes, especially to the SO mode [ Fig. 2(b) ]. At the Γ point, the SO mode only consists of XY displacements and each perovskite bilayer in the RP structure makes a shearing distortion [ Fig. 2(e) ]; however, away from Γ, the quasi-2D Z vibration increases, which results in the γ þ → γ − transition [Fig. 2(c) ]. Other low-frequency optical modes behave similarly, exhibiting γ − , for the same reasons, while those modes with frequencies higher than the lowest eight phonons only have positive Grüneisen parameters γ þ because they are energetically too far away to hybridize with the quasi-2D ZA mode.
The quasi-2D physical picture established above guides us to use hydrostatic pressure to amplify the membrane effect in the phonon anharmonicities and thermodynamic properties of CTO, which (i) furthers our understanding of the quasi-2D character of the mode and (ii) allows us to realize tunable NTE in CTO using a facile approach for future experimental validation.
We now examine the thermal-expansion behavior of CTO subjected to hydrostatic pressures up to 30 GPa [33] . To decipher the average pressure effect on the phonon modes throughout the Brillouin zone, we compute the γ AE -weighted phonon density of states (g γ AE ) defined as
The pressure-dependent g γ AE , their summations over frequency, and peak positions in the g γ − spectra are shown in Figs. 3(a)-3(c). At 0 GPa, g þ γ prevails over g γ − at any ν, and the finite and peaked g þ γ (ν) at low ν (≲1.0 THz) are mainly due to the large γ þ ðZAÞ around the Γ point [ Fig. 2(a) ]. A finite g γ − is only observable between 1.0 and 3.5 THz with two well-defined peaks at 1.8 and 2.7 THz [ Fig. 3(a) , inset], which originate from the large γ − ðSOÞ and γ − ðZAÞ [ Fig. 2(c) ], respectively. At 20 GPa, most phonon modes blueshift to higher frequencies as expected owing to their 3D character and positive γ. The key exceptions are those quasi-2D modes with γ − . The SO and ZA peaks in the g γ − spectra shift down to 0.6 and 2.6 THz, respectively, and g γ − exceeds g þ γ in the low-frequency region (≲4.0 THz). Pressure also considerably increases the widths and heights of the g γ − peaks, resulting in the rapid decrease of the g γ − summation [ Fig. 3(b) ]. The SO peak shifts to lower frequency faster, but its intensity increases slower than the ZA peak, with increasing pressure [Figs. 3(a) and 3(c) ]. We can understand the ν decrease [ Fig. 3(c) ] and g γ − enhancement [ Fig. 3(b) ] of the quasi-2D modes within the membrane effect as follows: The shrinkage of the perovskite layers (by 0.096 Å 2 =GPa per unit cell) makes the quasi-2D modes softer (i.e., lower ν) and more sensitive to the volume compression (i.e., larger γ − ). On the other hand, pressure shortens the interlayer spacing (by 4.6 × 10 −3 Å=GPa) and increases the interlayer repulsion, which hardens those ultrasoft ZA modes having γ þ near the Γ point. Such mode hardening reduces the anharmonicity of those ZA modes, resulting in the decrease of γ þ and the elimination of the low-frequency g γ þ peak (≲1.0 THz) at 20 GPa [ Fig. 3(a) ].
These unusual pressure-dependent quasi-2D phonon anharmonicities have profound effects on the thermal expansion and thermomechanics of CTO. The calculated αðTÞ clearly presents a monotonic decrease with increasing pressure [ Fig. 4(a) ], decreasing by about 50% from 0 to 30 GPa at ≳500 K. According to Eq. (1), the bulk modulus (B T ), volume (V T ), heat capacity (C V ), and phonon anharmonicity (γ) collectively determine the thermalexpansion coefficient. Above 500 K, the pressure-induced stiffening in B T is ∼100%, while V T and C V only decrease by ∼14% and ∼2%, respectively [25] . Thus, at high temperatures, pressure suppresses the thermal expansion of CTO primarily through the mechanical stiffeningincrease in B T -which is consistent with the intuitive concept that stiffer lattices are less perturbed by heat.
The mechanical stiffening is also the main cause for the thermal-expansion suppression at temperatures down to 100 K, below which the quasi-2D anharmonicity will dominate. There is only positive thermal expansion (α > 0) in CTO at ambient condition (∼0 GPa); however, NTE (α < 0) appears at pressures >10 GPa and becomes more prominent at higher pressures [ Fig. 4(b) ]. This response occurs because of the enhanced g γ − with increasing pressure [Figs. 3(a) and 3(b)], which is a manifestation of the membrane effect described above. Thus, thermal excitation of the γ − modes becomes more important for α, and the critical temperature T c defined as αðT c Þ ¼ 0 also increases with increasing pressure [ Fig. 4(b) ], reaching 105 K at the phase-stability critical pressure (i.e., 35 GPa). At the NTE critical pressure of 10 GPa, we also find that α becomes negative first at 23 K but remains positive at both lower and higher temperatures. This is because at low pressures, the low-frequency acoustic modes with large γ þ are excited first, i.e., prior to the excitation of the ZA and SO modes with large γ − [Figs. 2(a)-2(c)].
The quasi-2D γ − modes in CTO also have an unusual effect on its pressure-dependent thermomechanics. The thermal softening of the bulk modulus of solids is usually expected to monotonically decrease with increasing pressure, owing to the decreased thermal expansion [19] . However, in CTO, the thermal softening of B T given as ΔB T ¼ B T ðTÞ − B T ð0Þ becomes rather pressure independent between 10 and 30 GPa over the entire temperature range considered [ Fig. 4(c) ] and even becomes very large at the phase-stability critical pressure of 35 GPa. B T consists of electronic (B e ) and phononic (B ν ) contributions, where B e behaves as usual with a reduced thermal softening by pressure; however, the thermal softening of B ν starts to enlarge significantly above 10 GPa [25] . B ν cancels the reverse variation in the B e softening and makes ΔB T quite pressure independent at 10-30 GPa and negatively large at 35 GPa. Although the γ − modes are only important for α at temperatures ≲T c , they nonetheless have a critical effect on ΔB T at higher temperatures.
The quasi-2D γ − modes, pressure-induced NTE, and unusual thermal softening of B T proposed here may be validated by various experimental methods. The pressures of ≤ 30 GPa are relatively low compared to current experimental upper limits realized in a diamond anvil cell (400 GPa [34] ), indicating a facile experimental validation. The quadratic dispersion of the ZA mode can be measured by inelastic x-ray or neutron scattering [16] , and the negative γ's of the ZA and SO modes can be derived from their pressure-dependent ν dispersions. The pressure-dependent thermal-expansion coefficient [6, 19] for experimental data at 0 GPa), (c) bulk-modulus thermal softening (ΔB T ) of Ca 3 Ti 2 O 7 , and thermal-expansion coefficients of (d) Ca 3 Zr 2 O 7 and (e) Sr 3 Zr 2 O 7 . The results at the phase-stability critical pressures (i.e., 35, 29, and 23 GPa) are also shown. See Ref. [25] for more details about various thermodynamic properties.
(α ¼ ð1=VÞðdV=dTÞ) and isothermal bulk modulus (B T ¼ −VðdP=dVÞ) can be directly measured using in situ x-ray diffraction [34] .
According to our analysis on Ca 3 Ti 2 O 7 above, the interlayer interaction, layer thickness, vibrational hybridization, and bond strength are important factors determining the degree of the quasi-2D character in RP perovskites, which indicates an ample space to control their NTE, e.g., utilizing chemical substitution, superlattice engineering, and epitaxial strain in thin films. Guided by this understanding, we calculated the properties of Ca 3 Zr 2 O 7 and Sr 3 Zr 2 O 7 which exhibit the same polar Cmc2 1 phase [5] and found larger quasi-2D NTEs appearing at lower pressures [Figs. 4(d) and 4(e)] because the metal-oxygen bond weakening from Zr and Sr substitutions promotes quasi-2D NTE [17, 25] . Additional lattice dynamical and thermodynamic properties are provided in Ref. [25] .
Last, we compared the quasi-2D properties of different RP perovskites, among which structural and chemical variations can change the active microscopic NTE mechanism. Recent studies on layered Ca 3−x Sr x Mn 2 O 7 (x ¼ 0-3) [6, 7] show that the polar phase exhibits no NTE down to 90 K, whereas the NTE of the nonpolar state (stabilized by finite temperature or Sr addition) is ascribed to activated rigid-unit modes. The existence of the quasi-2D NTE in different centric and noncentrosymmetric phases of Ca 3−x Sr x Mn 2 O 7 under various external conditions remains unclear. We hope that our finding of quasi-2D physics in the phonon properties and tunable NTE motivate the synthesis and detailed lattice dynamical study of layered oxides exhibiting coupled modes that produce hybrid improper ferroelectricity.
